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ABSTRACT 
Jet impingement has been widely used as a means of heat removal because of 
its advantages in effective removal of locally concentrated heat and easy adjustment 
to the location where cooling is needed. Typical applications are paper drying, 
cooling of electronic chips, annealing of glass and elimination of excessive thermal 
load near the leading edge of gas turbine blade inner surface. More studies of jet 
impingement cooling are reported on flat surfaces than on concave and convex 
surfaces. For the flows on concave surface, the centripetal force due to the curvature 
makes the flow unstable and produces Taylor-Gortler vortices. Such vortices are 
known to enhance momentum and energy transfer and thereby heat transfer rate on 
the surface. The present study involves a 2-dimensional simulation of homogeneous 
air jet impinging normally onto a smooth concave surface from a single slot nozzle 
by means of the Computational Fluid Dynamics software FLUENT. 
The effect of Reynolds num ber and nozzle-to-target spacing on the velocity 
profile and the local Nusselt number are studied by means of the Reynolds stress 
model. The predicted results are validated against the experimental data ofChoi et 
al. (2000). The optimum conditions of operation correspond to the ratio of heat 
transferred to the pumping power. The value of the optimum nozzle-to-targct 
distance has been identified. It is observed that the optimum paramcter is dependent 
on the flow Reynolds number. Correlations of mean Nusselt number, non-
dimensional pressure drop and mean temperature are obtained as they can assist in 
the design of equipment for relevant applications with relative ease, especially in 
view of the enhanced heat transfer encountered in the concave surface jet 
impingement. The performance of the k-£ turbulence model is also evaluated and 
compared with the Reynolds stress model used. 
ABSTRAK 
Pensantakan jet telah digunakan secara meluas dalam proses penyingkiran 
haba kerana kelebihannya menyingkir haba tumpu setempat dan mudah untuk 
pelarasan ke lokasi yang perlu penyejukan. Contoh applikasi adalah seperti 
pengeringan kertas, penyingkiran haba component elektronik, penyepuhlindapan 
kaca dan penyingkiran beban haba berlebihan di pinggir depan permukaan dalam 
bilah turbin. Lebih banyak kajian pensantakanjet atas permukaan rata telah 
dilaporkan berbanding kajian atas permukaan cekung dan pennukaan cembung. 
Berkenaan aliran atas permukaan cekung, daya setempat yang terjadi akibat dari 
kehadiran permukaan cekung mengakibatkan terjadinya vorteks Taylor-Gortler. 
Vorteks seumpamanya dapat meningkatkan pemindahan momentum dan haba pada 
satu-satu permukaan. Kajian kini melibatkan simulasi dua dimensi pensantakan 
homogen jet udara secara menegak atas permukaan cekung dari satu muncung 
dengan menggunakan perisian FLUENT. 
VI 
Kesan nombor Reynolds danjarak dari muncung ke permukaan terhadap 
susuk halaju dan nombor Nusselt setempat dikaji dengan mengaplikasikan model 
tegasan Reynolds. Keputusan ramal disahkan secara membandingkan dengan data 
ujkaji oleh Choi c/ af. (2000). Keadaan pengendalian yang optimum adalah 
berhubung kait dengan nisbah pemindahan haba dan kuasa pam. Nilai jarak antara 
muncung dan permukaan yang optimum telah dikenalpasti. Didapati bahawa 
parameter yang optimum adalah bergantung kepada nombor Reynolds aliran. 
Sekaitan nombor Nusselt min, susutan tekanan tanpa dimensi dan suhu min telah 
dihasilkan dan ia dapat membantu dalam merekabentuk kelengkapan bagi 
penggunaan yang berkaitan, terutama dalam proses penyingkiran haba dari 
permukaan cekung dengan menggunakan pensantakan jet. Prestasi model gelora k-£ 
telah dinilai dan dibandingkan dengan model tegasan Reynolds yang digunakan. 
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TABLE OF CONTENTS 




TABLE OF CONTENTS VII 
LIST OF TABLES XI 
LIST OF FIGURES XII 
NOMENCLA TURE xv 
CHAPTER I INTRODUCTION 
1.1 Research Background 
1.1.1 Flow Characteristics of 2 
Impinging Jets 
1.1.2 Jet Impinging on Curved 3 
Surfaces 
1.2 Problem Statement 3 
1.3 Objectives 4 
1.4 Scope 4 
1.5 Research Significance 5 
1.6 Outcome 5 
VIII 
CHAPTER II LITERA TURE REVIEW 
2.1 Overview 6 
2.1.1 Jet Flow Characteristics 6 
2.2 Previous Studies 8 
2.3 Jet Impingement on Curved Surface 9 
2.4 Nozzle Geometry 10 
2.5 Numerical studies 12 
2.6 Jet Impingement on Various Surfaces 12 
2.7 Remarks on Literature Survey 13 
CHAPTER III METHODOLOGY 
3.1 Overview 14 
3.2 Geometry, Grid and Boundary 16 
Conditions 
3.3 Governing Equations 21 
3.4 Numerical Discretization 22 
3.4.1 Linearization of the Discretized 25 
Equation 
3.4.2 Discretization of the Momentum 26 
Equation 
3.4.3 Discretization of the Continuity 26 
Equation 
3.4.4 Pressure-Velocity Coupling 28 
3.4.5 Simple Algorithm 28 
3.5 Solution Convergence 31 
3.6 Overview of the Numerical Schemes 32 
CHAPTER IV IMPLEMENTATION OF FINITE 
VOLUME METHOD 
4.1 Problem Statement 
4.2 Boundary Conditions 
4.2.1 Velocity Inlet 
4.2.2 Symmetry Condition 
4.2.3 Concave and Nozzle Wall 
4.2.4 Pressure Outlet 
4.3 Air Properties 
4.4 The Simulation 
4.5 Summary 
CHAPTER V RESULTS AND DISCUSSIONS 
5.1 Overview 
5.2 Grid Independence 
5.3 Validation 
5.4 Other Results 
5.4.1 Nusselt Number 
5.4.2 Non-dimensional Pressure Drop 
5.4.3 Surface Temperatures 
5.5 Economic Investigation 
5.6 k-s Turbulence Model Performance 
5.7 Flow Visualization 
CHAPTER VI CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 



























LIST OF TABLES 
TABLE NO. TITLE PAGE 
4.1 Boundary conditions and numerical setup 40 
5.1 Stagnation point Nusselt number and mean 48 
Nusselt number at Re2B 
5.2 RlI1SDP for stagnation point Nusselt no. for 50 
different cell sizes 
5.3 RlI1SD between experimental and numerical 53 
axial velocity profiles along the centerline 
5.4 Percentage difference of mean Nusselt number 54 
between data from simulations and experiments 
at Re2B = 4740 
5.5 Mean impinging surface temperature for 60 
different HIEs 
XII 
LIST OF FIGURES 
FIGURE NO. TITLE PAGE 
2.1 The jet impingement regions 7 
3.1 Basic features of software 15 
3.2 Numerical domain 16 
3.3 Nozzle geometry 17 
3.4 Three segments of the computational domain 18 
3.5 The grid 20 
3.6 Control volume used to illustrate discretization 23 
of a scalar transport equation 
3.7 One-dimensional control volume 24 
3.8 Overview of the numerical scheme 34 
4.1 Properties of air under atmospheric pressure 39 
5.1 Axial mean velocity profile along the 44 
centerl ine for impinging jet flows of 
Re2B = 4740 
5.2 Axial mean velocity profile along the 45 
centerline for impinging jet flows of 
Re2B = 2960 
5.3 Axial mean velocity profile along the 46 
centerline for impinging jet flows of 
Re2B = 1780 
5.4 Local Nusselt number distribution in the 47 
circumferential direction at Re2B = 4740 
5.5 Variation ofNusselt number at stagnation 49 
points for different HIEs 
5.6 Axial mean velocity predictions along the 52 
xiii 
centerline 
5.7 Predictions ofNusselt number distribution in 54 
the circumferential direction for different HIEs 
at Re2B = 4740 
5.8 Predicted mean Nusselt number versus Re2B 55 
for various HIEs 
5.9 Predicted mean Nusselt number versus HIE for 55 
various Re2B 
5.10 Pressure drop versus Reynolds number, Re2B, 56 
for various values of HIE 
5.11 Non-dimensional pressure drop versus 57 
Reynolds number, Re2B, for various values of 
HIE 
5.12 Non-dimensional pressure drop versus HIE for 58 
different values of Re2B 
5.13 Local surface temperature in the 59 
circum ferential direction for various values of 
HIE 
5.14 Mean surface temperature versus Re2B 60 
5.15 Mean surface temperature versus HIE 61 
5.16 Effect of Re2B on the non-dimensional 62 
tem perature difference 
5.17 Effect of HIE on the non-dimensional 62 
temperature difference 
5.18 Effect of HIE on turbulence intensity at the 63 
stagnation point 
5.19 hll'!..p versus HIE 64 
5.20 hll'!..p versus Re2B 65 
5.21 NlIlllcOIIEli versus HIE 66 
5.22 NlIllleOlIEli versus Re2B 66 
5.23 Effect of jet spacing HIE towards heat transfer 67 
rate to power ratio 
5.24 Effect of jet spacing Re2B towards heat transfer 68 
XIV 
rate to power ratio 
5.25 Performance ofk-£ model on axial mean 69 
velocity profile along the centerline for 
impinging jet flows ofRe2B = 4740 
5.26 Performance of k-£ model on local Nusselt 70 
number distribution in the circumferential 
direction of Re2B = 4740 
5.27 Contours of static pressure (pascal) for Re2B = 71 
1780 
5.28 Contours of static pressure (pascal) for Re2B = 71 
2960 
5.29 Contours of static pressure (pascal) for Re2B = 71 
4740 
5.30 Contours of velocity magnitude (m/s) for Re2B 73 
= 1780 
5.31 Contours of velocity magnitude (m/s) for Re2B 73 
= 2960 
5.32 Contours of velocity magnitude (m/s) for Re2B 73 
= 4740 
5.33 Temperature contour (K) for Re2B = 1780 74 
5.34 Temperature contour (K) for Re2B = 2960 74 
5.35 Temperature contour (K) for Re2B = 4740 74 
5.36 Contours of turbulence intensity (%) for Re2B 75 
= 1780 
5.37 Contours of turbulence intensity (%) for Re2B 75 
= 2960 



















Heating surface area (m2) 
Coordinate perpendicular to the concave surface (m) 
Two-dimensional slot jet width (m) 
Specific heat capacity (kJ/kg" K) 
Euler number (dimensionless) 
Convection heat transfer coefficient (W/m2.K) 
Distance between nozzle exit and stagnation point of target 
Surface (m) 
Thermal conductivity (W/m.K) 
Nusselt number (Nu 2fJ = h2B ; dimensionless) k 
I b "(N h2B Nusse t num er at stagnatIon pomt u2fJ = -k-; 
dimensionless) 
b h2B d' 'I) Mean Nusselt num er (NU 2fl = --; ImenSlOn ess k 
Static pressure (N/m2) 
Radius of target surface (m) 
Root mean square of difference (dimensionless) 
Root mean square of difference percentage (dimensionless) 
Radius of pressure outlet (m) 
, pUOl"1'2B Jet Reynolds number at nozzle eXIt (Re 2fl = -----'-'---
Jl 
dimensionless) 
Reynolds stress model 
















Heat flux on the heating surface (W/m2) 
Circumferential distance from stagnation point (m) 
~: 
Temperature (K) 
Jet temperature (K) 
Wall temperature (K) 
Mean target surface temperature (K) 
Turbulence intensity (.j;;2 x 100; %) 
Vj 
Jet axial mean velocity (m/s) 
Jet velocity at the center of the nozzle exit (m/s) 
Area averaged jet velocity at the nozzle exit (m/s) 
Time (s) 
Velocity fluctuation (m/s) 
Velocity (m/s) 
Coordinates 
Distance from the nozzle exit (m) 
Density of air (kg/m3) 
Dynamic viscosity of air (kg/ms) 
Shear stress (m2/s) 
Scalar property (unit according to property) 
Diffusion coefficient for ¢ 




1.1 Research Background 
Jet impingement cooling is used widely to cool the elements exposed to high 
temperature and heat flux conditions because of its compactness and its ability to 
remove locally concentrated heat loads. In engineering applications the jets are 
turbulent and arranged in arrays to produce high heat transfer coefficients over a 
large area. A single jet is used when localized heating or cooling is required. 
Heat transfer rates obtainable with impinging air jets are an order of 
magnitude higher than those usually associated with gaseous heat transfer media. 
Applications of impinging air jets include drying of paper, film and textiles, 
annealing of metal, glass and plastic sheets, cooling of electronic equipment etc. In 
particular, air-jet-impingement has been effectively used to eliminate excessive 
thermal load near the leading edge of gas turbine blade inner surface. Jet 
impingement allows for short paths, relatively high heat transfer rates, low cost and 
simplicity. It permits a fine degree of control. Also, easy adjustment to the location 
where cooling is needed is possible. 
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1.1.1 Flow Characteristics oflmpinging Jets 
Ajet is a rapid stream offluid forced out ofa small opening. It is called a 
submerged jet when it emerges into the same fluid as the jet. The flow pattern of 
impinging jets can be divided into three characteristic regions namely the free jet 
region, the impingement region and the wall jet region. The free jet is the region that 
is not influenced by the impingement surface. The impingement region or the 
stagnation region is characterized by an increased static pressure as a result of the 
sharp decrease of mean axial velocity. Upon impingement the flow deflects and 
starts to accelerate along the impingement surface. The end of the impingement 
region is the location where the pressure gradient at impingement surface becomes 
negligible. The wall jet region is characterized by higher velocities surrounded by 
lower velocities on the either side, one due to the presence of the wall and the other 
due to the stagnant fluid. The boundary layer grows along the impingement surface. 
The free jet region also may show three characteristic regions namely the 
potential core region, developing flow region and developed flow region depending 
on the nozzle-to-target spacing. In the potential core region, the axial velocity 
remains almost equal to that at the jet entry. The end of the potential core is 
determined by the rate of growth of two mixing layers originating at the edges of the 
nozzle. In the developing flow region, the axial velocity starts to decay and the jet 
spreads to the surrounding. Eventually lateral profiles of the axial velocity approach 
a bell shape. In the developed flow region, similar axial profiles exist at different jet 
lengths. Depending on the nozzle-to-target spacing, the free jet region may display 
one or more of the above regions. Initially laminar jets could turn turbulent due to 
mixing at the outer jet boundaries. How quickly an initially-laminar jet transforms 
into a turbulent one depends on many factors like confinement, the inlet Reynolds 
number, the velocity profile at the nozzle exit etc. 
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1.1.2 Jet Impinging on Curved Surfaces 
When jet impingement cooling is applied to curved surfaces such as a turbine 
blade surface, the curvature effect should be taken into consideration. For flows on a 
surface with concave curvature, for sufficiently high flow speeds, the centripetal 
force due to the curvature usually makes the flow unstable and a Taylor-Gortler type 
vortex is produced. The velocities are low near the wall and are large away from the 
wall. This means that the centrifugal forces on the faster moving fluid particles are 
higher and there is a tendency for these fast moving particles to be pushed outward 
near the surface. This causes the instability. This vortex has its axis parallel to the 
flow direction and is known to enhance momentum and energy transfer. 
1.2 Problem Statement 
In the design of an impinging-jet system for a given thermal application, a 
large number of geometric and flow parameters like jet type (round/slot), nozzle to 
target spacing, angle of impingement, nozzle design, jet-inlet Reynolds number etc 
are involved. So a purely experimental approach to the problem is unlikely to lead to 
a satisfactory solution at reasonable cost and time. The advent of high-speed 
computers and robust numerical techniques for solving transport equations have 
made it possible to supplement experimental data with numerical studies so as to 
permit interpolation and extrapolation of impingement transport phenomena for 
design purposes. Also, properly validated numerical simulations can enhance our 
understanding of the jet impingement flow and heat transfer phenomena with much 
less cost and time. 
1.3 Objectives 
To produce properly validated numerical simulations which are able to 
predict:-
a) The mean velocity distribution of the impinging jet and along the concave 
surface in order to understand the hydrodynamics characteristics. 
b) The local Nusselt numbers along a concave surface in order to understand 
the heat transfer characteristics. 
1.4 Scope 
The scope chosen based on Choi et. al. (2000) work. 
a) Reynolds numbers investigated, Re2s, are: 1780,2960 and 4740, with 
where 
2B = hydraulic diameter of the nozzle exit studied in the present work. 
B = nozzle-exit width. 
U = averaged velocitv at the nozzle exit. al'~ J 
v = kinematic viscosity 
b) Nozzle-to-Surface-Distance ranges from H / B = 2 to H / B = 14 . H is the 
distance between the nozzle exit and stagnation point of target surface. 
c) Nozzle with 2D-contraction shape used by Choi et. al. (2000). 
d) Submerged jet flow. 
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